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The ring-opening reaction of the cyclic imide shown in
Scheme 1, the key intermediate in the degradation of proteins
and peptides at Asp and Asn “hot spots,”1 proceeds by rate-
limiting C-N bond fission at pH 1-4 and by rate-limiting attack
of water at higher pHs, as shown by18O-exchange into both
carbonyl groups of the cyclic imide below pH 4 but not at higher
pHs (Figure 1). The transition states for formation and
decomposition of the intermediate Tâ° are identical to those for
cyclic-imide formation at Asp residues in proteins. Thus protein
instability at pH> 5, deriving from cyclization at Asp residues
to form the cyclic imide, results from a relatively low free energy
of the transition state for the expulsion of water from the
tetrahedral intermediate Tâ° (Scheme 1), following rapid,
reversible C-N bond formation. The greater stability of
proteins at pH< 5 results from a relatively high free energy of
the transition state for C-N bond formation to generate Tâ°.
Similar considerations may apply to cyclization at Asn residues
in proteins.
Figure 1 shows the pH-rate profile for the18O-exchange and

hydrolysis reactions of the two cyclic imides shown in Scheme
1. In the region of pH 6-8, the filled triangles denote the rates
of loss of the cyclic imide at 50°C determined by capillary
electrophoresis (CE). For pH 5.9-8.0, no18O-exchange into
the carbonyl groups of the cyclic imide was observed (k < 1.6
× 10-8 s-1), which indicates that the attack of water on both
theR- andâ-carbonyl groups is rate determining. However, in
the region of pH 1-4, exchange was observed: the filled
symbols denote the rate constants for18O-exchange into the
R-carbonyl group (squares) and theâ-carbonyl group (circles)
of the cyclic imide, while only minimal hydrolysis was observed
at pH 3.9 (k ca. 8× 10-8 s-1), and none at pH 1.9 (k < 3 ×
10-10 s-1). The results indicate that in the pH region of 1.9-
4, the rate-determining step of cyclic-imide breakdown is C-N
bond fission (leaving-group expulsion), while in the pH range
5.5-8, the rate-determining step is C-O bond formation (water
attack). A pH-induced change in the rate-determining step
occurs at pH 4-5.5.
During studies of hydrolysis of the cyclic imide, CE provided

a rapid, precise alternative to HPLC.3 The13C-NMR method
of Van Etten and co-workers4 was employed for the18O-
exchange studies. With a Bruker AM-500 NMR spectrometer
operating at 125.77 MHz for13C, the two carbonyl groups are
well resolved with theR-carbonyl signal at 180.7 ppm and the
â-carbonyl signal at 179.9 ppm in H218O (60-80%) solution
with 20% D2O. The signal for an18O-labeled carbonyl has an
upfield shift of 0.04 ppm from the original16O-carbonyl signal,

permitting the concentration of18O-labeled cyclic imides to be
followed as a function of time (Figure 2). The relative amount
of 16O- and18O-carbonyl groups can be determined from the
peak heights assuming that there is no isotope effect on the
NOEs4 of the carbonyl carbon signals.
These findings are wholly consistent with the mechanism

proposed by Capassoet al.2 on the basis of extensive kinetic
studies, a part of which are shown in Figure 1. The18O-
exchange results now reported in this work show unambiguously
that leaving-group expulsion is rate limiting below pH 4 and
water attack rate limiting above pH 5.5. The kinetic results
alone could not specify which step is rate limiting in the various
pH ranges. The solid lines in Figure 1 are plots of eq 1, the
kinetic law for the proposed model2 extended to include an
uncatalyzed route of C-N bond fission at very low pH.
Hydrolysis is represented in Scheme 1 as proceeding by attack
of water at each of the carbonyl groups to form tetrahedral
intermediates (shown in the neutral forms TR° and Tâ°) with
total rate constantsk1R andk1â, followed by breakdown of the
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Figure 1. Rate constants of hydrolysis and18O-exchange for the cyclic
imides of Scheme 1 as a function of pH. Open symbols are from the
work of Capassoet al.2 at 37°C. Filled symbols are from this work at
37 °C (hydrolysis) and 50°C (exchange). The solid lines are plots of
eq 1 with 107k1W ) 4.85 (R), 1.66 (â) s-1; k1B ) 140 (R), 100 (â) M-1

s-1; 108k3W ) 5.86 (R), 1.30 (â) s-1; k3B ) 5537 (R), 1544 (â) M-1

s-1, which are in acceptable agreement with values calculated by
Capassoet al. 2 on the basis of a rate law omittingk3W. The rate
constants shown for isotope exchange are, in terms of those in Scheme
1, given byk1x k2x/2(k2x + k′3x), wherex ) eitherR or â.

Scheme 1
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tetrahedral intermediates by C-N bond fission (total rate
constantsk′3R andk′3â) to give the Asp product (from TR°) and
isoAsp product (from Tâ°). The pH-rate profiles of Capassoet
al.2 and the18O-exchange data reported here are consistent with
contributions to both formation and breakdown of TR° and Tâ°
of an uncatalyzed pathway (k1W, k′3W) and a hydroxide-catalyzed
pathway (k1B, k′3B). This mechanism gives the kinetic law of
eq 1 wherek3B ) (k1Bk′3B/k2B) andk3W ) (k1Wk′3W /k2W).

Asn and Asp are hot spots in the nonenzymic degradation of
proteins and peptides, leading to the formation of isoAsp and
Asp sites, resulting in possibly altered properties that can affect
the biological activities of the proteins and peptides.5,6 In
addition to deamidation of Asn residues with conversion to Asp
and isoAsp sites, and conversion of Asp residues to isoAsp
residues, racemization is accelerated in the cyclic imide, leading
to introduction ofD-Asp andD-isoAsp. These reactions are
components of thein ViVo degradation of proteins connected
with the aging process and with certain pathological states. For
example, the aggregation of degraded isoAsp-containingâ-amy-
loid peptides has been found in Alzheimer’s-disease-affected
brains.7 An enzyme,D-aspartyl/L-isoaspartyl protein methyl-
transferase, which repairsD-Asp and L-isoAsp residues in
degraded proteins, is found in all cells and tissues examined to

date.8 In Vitro studies have also indicated that Asn/Asp
degradation is one of the factors contributing to the irreversible
thermal inactivation of proteins,9 and is a major source of
instability of protein and peptide pharmaceuticals during
preparation and storage.1

Extensive studies have shown that cyclic imides of the type
shown in Scheme 1 are the critical intermediates in bothin ViVo
andin Vitro protein degradation. Cyclic imides are formed by
nucleophilic attack of the backbone nitrogen of thei + 1 residue
on the side-chain carbonyl of thei residue, with subsequent
expulsion of ammonia (Asn) or water (Asp). The transition
states for these processes may be important in developing
biotechnologies. Catalytic antibodies prepared against haptens
resembling the intermediates TR° and Tâ°, and thus (by
Hammond’s postulate) the cyclization/hydrolysis transition states
have been found to catalyze both cyclic-imide formation and
hydrolysis in peptides. Such antibodies could lead to the design
of pharmaceutical agents for degrading undesired peptides and
proteins.10 The present studies bear on both hydrolysis of the
cyclic intermediate (which determines the ratio of Asp and
isoAsp products in the degraded polypeptide) and formation of
the intermediate (since the transition states for hydrolysis at Câ
should be the same as those for ring closure at Asp centers and
are similar to those for ring closure at Asn centers). The data
presented in Figure 1 indicate that for both Asp and isoAsp
formation, the rate-limiting process at pH 1-3 is uncatalyzed
ring opening (rate constantk3W in eq 1). At pH 3-4, base-
catalyzed ring opening (k3B) becomes significant. At around
pH 4-5, the rate-determining step shifts to uncatalyzed attack
of water on the cyclic imide (k1W). Above pH 6, base-catalyzed
attack of water at carbonyl (k1B) dominates. The values of the
rate constants (caption of Figure 1) confirm the observation that
the isoAsp product, which is always in 2-4 fold excess,
dominates to a smaller degree as the pH rises. Thus the product-
expulsion transition state (rate limiting at low pH) favors CR-N
fission over Câ-N fission somewhat more than the water-attack
transition state (rate limiting at high pH) favors attack at CR
over attack at Câ. It is still not possible to specify the detailed
origin of preferred water attack and preferred leaving-group
expulsion at CR, which presumably result from combined
electronic, steric and possibly intramolecular catalytic effects.
This point remains unclear and is under investigation.
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Figure 2. 13C-NMR spectra of the cyclic imide (Scheme 1) showing
18O-exchange as a function of time. Reactions were carried out using
173 mM cyclic imide in 0.1 M phosphate buffer (pH 3.9) at 50°C.
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